ABSTRACT: Eelgrass has declined extensively during the last decades following eutrophication of coastal regions of western Europe and the USA. Recent efforts have been taken to reduce nutrient loading, with the hope of restoring the former widespread populations. We studied fine-scale patch dynamics of eelgrass Zostera marina L, in permanent plots outside the continuous vegetation in a protected embayrnent in Limfjorden, Denmark, to evaluate means of recruitment and rates of expansion and mortality of patches. The size distribution was dominated by small patches which were formed by seedlings at high rates during spring (0.16 to 0.76 m-'). Mortality was high and only low proportions (0 to 24 %) of the studied cohorts remained as individual patches 1.5 and 2.5 yr later. Patch mortality was restricted to small patches containing <32 shoots with a mean age of < 5 yr. The sharply declining mortality with increasing patch age and size is presumably due to improved anchoring, mutual physical protection and physiological integration among the shoots. The lateral expansion of established patches by centrifugally growing horizontal rhizomes averaged 16 cm yr-l and was independent of patch size With this lateral growth the possible annual areal expansion will be faster in systems with many small patches (260% in 0.1 m' patches) and slower in systems with few large patches (19% in 10 m2 patches). Successful recovery of the eelgrass vegetation in large systems is, therefore, dependent on seed production and dispersal and subsequent seedling establishment and patch growth.
INTRODUCTION
The areal cover of seagrasses undergoes extensive natural fluctuations due to variable growth conditions and catastrophic declines during storm events (Birch & Birch 1984 , den Hartog 1987 , Williams 1988 , Larkum & den Hartog 1989 and epidemic diseases (Giesen et al. 1990 ). More recently, cultural eutrophication and intensified coastal development have severely reduced seagrass abundance and alarmed marine ecologists and responsible politicians (Kemp et al. 1983 , Cambridge & McComb 1984 , Giesen et al. 1990 , Larkum & West 1990 ). Although seagrass decline occurs worldwide, studies of the dynamics of seagrass cover and the associated colonization, expansion-recession, and mortality processes are few (Birch & Birch 1984 , Brouns 1987 , Williams 1988 , Duarte & Sand-Jensen 1990a , b, Williams 1990 ). ' Present address: Freshwater Biological Laboratory, University of Copenhagen, Helsingersgade 51, DK-3400 Hdler~d. Denmark Eelgrass Zostera marina (L.) has undergone similar changes in areal cover throughout most of its distnbution range in Europe and the USA, including a widespread recent decline (den Hartog & Polderman 1975 , Rasmussen 1977 , Orth & Moore 1983a , Phillips 1984 , den Hartog 1987 , Giesen et al. 1990 . Encouraging examples of eelgrass recovery remain few (Wyer et al. 1977 , Verhagen & Nienhuis 1983 , Harrison 1987 . For example, eelgrass covered about 7000 km2 of the inner coastal Danish waters early in this century (Petersen 1914) . The 'eelgrass wasting disease' in the early 1930s destroyed most eelgrass meadows, and in 1942 the areal cover of eelgrass was only 540 km2 (Rasmussen 1977) . After a phase of re-establishment, eutrophication has subsequently led to further reduction of eelgrass cover since the 1970s (Orth & Moore 1983a , den Hartog 1987 . The eelgrass populations present today are mainly small and confined to shallow protected areas and should have great difficulties in expanding to the larger, more exposed and deeper regions because of insufficient seed input, greater physical disturbance and poorer light conditions than during the former periods of widespread eelgrass coverage. However, a planned reduction in nutrient loading to Danish waters by 80% for P and 50% for N before 1995 aims at reducing phytoplankton development and restoring the former eelgrass populations. The likelihood and possible time scales of eelgrass recovery remain as yet unknown.
Eelgrass meadows are maintained principally by vegetative production of lateral shoots (Olesen & SandJensen 1994) and areal expansion is probably limited by the slow growth rate of horizontal rhizomes (SandJensen 1975) . Colonization of new areas should depend on the dispersal and subsequent germination of seeds and, therefore, on the distance to reproductive stands and the maintenance of adequate conditions for seedling establishment and growth. Patch mortality is likely to decline with increasing patch size (e.g. Duarte & Sand-Jensen 1990a, Sand-Jensen & Madsen 1992) because of mutual protection among neighbour plants. Lateral spread and shoot growth may also depend on patch size, such that shoot mortality may be high and areal expansion slow until a certain critical minimum patch size is reached (Duarte & Sand-Jensen 1990a, b) .
We provide here a first step to evaluate eelgrass patch dynamics by determining (1) the formation and size-dependent mortality of eelgrass patches, (2) the lateral spread of differently sized patches and (3) shoot growth rate as a function of patch size and position within the patch. We restricted the investigation to a single site in a protected Danish embayment during a 2.5 yr period and concentrated on the short-term dynamics of predominantly small patches characterized by high turnover. We acknowledge that more sites of different exposure and longer time periods, particularly for large patches, are needed to establish a more comprehensive knowledge of eelgrass population dynamics.
METHODS
Study area. Eelgrass patch dynamics were investigated from May 1990 to September 1992 in a small (1.6 km2) semi-enclosed embayment of Limfjorden, a shallow eutrophic brackish-water area (1500 km2) in northern Jutland, Denmark. The embayment studied is 1.7 km long and 1.4 km wide at the entrance. The effective fetch, estimated according to Smith (1979) , was short (0.51 km) towards the prevailing westerly winds, indicating relatively high protection. The embayment is 2 m deep at the entrance, and slopes to a depth of about 1 m in the central part. Mean tidal range is 0.15 m, but wider fluctuations in water level are caused by wind. Sallnity averages 26%0 and water temperature ranged from just below zero to 25OC during the study period. A continuous eelgrass meadow covers the central deeper part of the embayment, occupying 52% of the total area, and is bordered at its upper limit by a fringe (50 to 100 m wide) of isolated eelgrass patches at mean depths between 0.4 and 0.7 m. This investigation was performed within this shallow zone of eelgrass vegetation.
Eelgrass patch dynamics. Size distribution of eelgrass patches (minimum registered area 0.3 m2) within the studied embayment was measured in a 1000 m2 area to include large size-classes.
Small eelgrass patches down to single shoots and their dynamics were studied by mapping the vegetation at intervals of 3 to 12 mo in 2 permanent plots (120 m2) established in May 1990 (Plot I) and May 1991 (Plot 11). Within each plot a grid was established by placing permanent sticks at 2 m intervals, onto which an aluminium frame (1 m') divided into 0.2 X 0.2 m squares could be fitted during observations. On each sampling date the position and dimensions of all patches were determined and each patch was identified according to the previous recordings. The origin of new patches appearing between sampling dates, whether developed from seedlings or fragments of former larger patches, was recorded. Newly established seedlings were identified from their morphology (short, narrow-leaved shoots with 1 to 3 leaves). This identification was confirmed outside the permanent plot on harvested seedlings showing remains of the seedling coat and a scorpioid rhizome base (Setchel 1929) . The number of shoots in each patch was counted, or in larger patches (> 0.1 m2) estimated from the area multiplied by the measured annual mean shoot density of 840 shoots m-2 (Olesen & Sand-Jensen 1994) . Our patch dynamic analysis was based on the distribution in logarithmic size classes that became increasingly wider at higher numbers to make the procedure described above sufficiently accurate. Patch mortality was calculated as the relative number of patches lost within each size-class.
Patch growth. Lateral expansion of patches was determined by measuring the elongation of eelgrass rhizomes from the patch margin into bare sediments for 38 patches ranging widely in size (diameter from 0.2 to 8.1 m). Permanent marks were placed at the edge of each patch at 4 positions (N, S, E and W of patch centre) in April 1990 and lateral growth relative to the marks was measured in July and October 1990 and May and September 1991.
Eelgrass shoot growth. The influence of patch size and distance to the patch edge on shoot growth was studied in August by measuring leaf elongation rate normalized to leaf length of shoots at the centre of 5 patches of different size (diameters between 1.2 and 20 m) and along transects from the edge (20 cm inside the patch) to the centre of these 5 patches. We expressed shoot growth as relative leaf elongation rate, analogous to the relative growth rate widely used as the standard for terrestrial plants, also to compensate for the influence of different shoot sizes on growth. Leaf elongation was measured on 10 to 15 shoots in 3 plots at each position by marking the leaves with a needle just above the leaf sheath (Sand-Jensen 1975 , Kirkman & Reid 1979 . All marked shoots were retrieved 2 wk later and growth was measured as leaf increment relative to the reference hole on the oldest nongrowing leaf.
RESULTS

Patch formation and mortality
Outside the continuous eelgrass meadow most patches were small. The largest patch registered within the 1000 m2 quadrat was 147 m2 and 50 % of all patches were between 0.3 m2 (minimum patch size included) and 2 m2 (Fig. 1) .
The size distribution of eelgrass patches within the 2 small (120 m2) permanent plots ranged from a single shoot (0.001 m') to 23 m2 and was also highly skewed, as 50% of all patches contained less than 4 shoots in spring and less than 16 shoots in autumn (Figs. 2 & 3). Small patches were highly dynamic compared to larger ones, with large numbers of small patches being formed dunng winter and early spring and numbers gradually declining during the growth season. Thus, 89 new patches (63% of total patch number) appeared in Plot I from October 1991 to May 1992 Patch area (m2) and most (85%) of them contained 1 or 2 shoots. New patches were formed from seedlings which were the main contnbutors to the high number of small patches in May 1990 and May 1991 as well as to the overall increase in patch number (Figs. 2, 3 & 4) . No new patches were observed between May and October in 1990 and May and September in 1991 (Fig. 4) . Patch formation through entrapment of floating shoots and subsequent rhizome growth was not observed. Additionally, the subdivision of established vegetation along patch edges and reduction of shoot density due to harsh weather conditions during winter added to the number of small patches (Fig. 4B, D) . Accordingly, seedling establishment, associated with the transfer of patches to smaller size-classes during winter, led to a 20-fold increase in the number of patches with 1 or 2 shoots. Patches were lost throughout the year but at the fastest rates during summer due to high mortality of small, recently established patches (Figs. 2, 3 & 4C). Patch mortality was strongly size-dependent as only patches with less than 32 shoots were lost during the 2 yr study period (Figs. 2 & 3 ) . The critical minimum size for patch survivorship varied seasonally and tended to be highest during winter (Fig. 2) .
The density of new seedlings on bare sediments during spring ranged from 19 seedlings 120m-' in 1990 (Plot I) to an average of 78 seedlings 120m-' in 1991 (Plots I & 11) (Table 1) . Germination of eelgrass seeds usually peaks in late autumn and early spring (Orth & Moore 1983b , Robertson & Mann 1984 and, therefore, the number of seedlings registered in May represents minimum estimates due to seedling formation and mortality dunng winter. The number of patches formed from seedlings declined quickly following colonization as only 47 % (range 37 to 55 %) remained as individual patches until late summer. This decline was due to mortality (24 to 32Y0) and coalescence with adjacent vegetation (13 to 37 ?h). The fate of seedlings that coalesced with other patches is unknown.
Branching of surviving seedlings increased mean shoot number from 1.1 (range 1 to 3) shoots per genet in May to 3.7 (range 1 to 8) shoots per genet in August. This 4-fold increase is similar to the branching frequency observed in other perennial eelgrass populations following 5 to 6 mo of seedling growth (Orth & Moore 1983b , Robertson & Mann 1984 . After 1 yr of growth 11 % of the 1990 seedling cohort had survived as individual patches and none persisted until September 1992. In contrast, 19 to 24% of the larger seedling cohort of 1991 remained as individual patches in September 1992. These surviving seedlings had increased to an average of G (range 1 to 15) shoots per genet. Lateral patch growth was independent of the orientation of growth relative to the direction of the prevailing wind or wave action (ANOVA, p = 0.75), consistent with the approximate circular form of most studied patches. The patch growth rate was also independent of patch size (Fig. 5) within the studied range (diameter 0.2 to 10 m). Mean patch growth rate was highest during summer of both years f1.30 * 0.09 (SE) and 1.42 * 0.18 mm d-l], coinciding with high irradiance and high shoot growth rates, and declined to a minimum (-0.04 * 0.05 m m d-') during winter (Fig. 6) . The mean net lateral growth measured from April 1990 to May 1991 was 16 cm yr-' (range -26 to 45 cm yr-') and the median growth rate was 19.0 cm yr-' (0 to 31 cm yr-l, l 0 to 90 % fractiles) (Fig. 6 ) .
Shoot growth
Relative leaf elongation rates measured in August on eelgrass shoots growing at the centre of patches of different dimensions were independent of patch size (r = 0.03, p = 0.92, n = 15). The relative leaf elongation rate showed little variability 114.6 to 15.8 mm leaf (m leaf)-' d-'1 among patches (Fig. 7) . Likewise, the relative shoot elongation rate did not change systematically with the distance to patch edge (r = 0.12, p = 0.45, n = 42) as elongation was 13.5 to 15.8 mm m-' d-' at the edge and 13.0 to 15.8 mm m-' d-' within the vegetation (Fig. 7) . Shoot size did not change with distance to patch edge either and absolute leaf elongation rates were therefore also independent of location.
DISCUSSION
Patch formation and mortality
The studied area was relatively protected and supported a large eelgrass population. These conditions shoots may form and vanish unnoticed during longer time intervals. Formation of small patches was certainly influenced patch dynamics because the surfastest during winter and spring, whereas patch rounding populations should have provided many mortality occurred throughout the year in the 2 seeds for patch recruitment while the protected locaexperimental areas. Mortality declined sharply with tion should have enhanced survival of patches down patch size and was restricted to patches with less than to small sizes. In early spring, prior to the main pulse 32 shoots during this investigation. Hence, rigid of seedling appearance, the seed bank consisted branching and patch expansion should increase the of 1048 seeds m-2 inside dense eelgrass stands and likelihood of survival. The average number of shoots produced per genet was 6 (range 1 to 15 shoots genet-l) by the end of the second growth season. Assuming a mean annual production of 1 sidebranch shoot-', as observed for established eelgrass populations at the same location (Olesen 81 SandJensen 1994) , the new patches will not reach the critical minimum size before 5 yr of growth or, at best, after 3 yr. The mortality risk is expected to be minimal thereafter, provided physical forces are not extreme.
The observed decline of patch mortality with increasing patch size strongly supports the existence of a minimum patch size needed to ensure high survival, presumably because the shoots provide mutual protection and need a long time for rhizome and roots to develop and become firmly anchored. Physiological integration and support within the genet may enhance survival as the time elapsed since establishment increases. Likewise, high mortality was restricted to small patches of the Mediterranean seagrass Cymodocea nodosa (Duarte & Sand-Jensen 1990a) and the stream macrophyte Callitriche cophocarpa (Sand-Jensen & Madsen 1992). The threshold size necessary to reduce mortality due to physical forces should, however, depend on the strength of wave and storm events because shelter within the vegetation decreases with current velocity (Fonseca et al. 1982 ). Established eelgrass stands should be able to withstand high currents due to the mutually protecting structure of patches and a high capacity for patch maintenance achieved by continuous shoot recruitment through rhizome branching (Olesen & Sand-Jensen 1994) .
The growth rate of eelgrass shoots during summer was independent of patch size and distance to the patch margin (Fig. 7) . Thus, the supposedly more protected conditions away from the patch margm d d not influence the relative leaf elongation rate. Possible explanations of this result could be that disturbance does not influence eelgrass leaf elongation, that disturbance was too small to have an effect during the experimental period, or that increased dsturbance was exactly offset by greater light availability at the patch margin. It is also possible that protection among shoots is established close to the patch edge, because the slow horizontal growth and intensive branching of the rhizome generate dense plant cover and thereby strong attenuation of flow velocity within less than 25 cm from the patch edge (Gambi et al. 1990 ).
Area1 seed production of perennial eelgrass popul a t i o n~ is high (3400 to 17 600 seeds n r 2 in this area; Olesen 1993) compared to other perennial aquatic plants (Madsen 1991) . The negatively buoyant seeds of eelgrass may have limited spread, but dispersal can be enhanced by the spread of floating inflorescences. A small dispersal range of eelgrass seeds may contribute to the maintenance of existing populations following small-scale disturbances by filling out open gaps within the vegetation as observed here. Colonization from seedlings after large-scale declines should, however, depend on the distance to seed-producing popul a t i o n~ outside the perturbed area. Moreover, seed dis- persal to open areas may be infrequent, as observed for Posidonia australis, which only displayed successful seedling colonization in a protected barrier estuary, acting as a trap for floating f! australis fruits (West et al. 1989) . Thus, considering the high germination success reported for eelgrass seeds (Churchill 1983 , Moore et al. 1993 , colonization of new areas is probably restricted by a limited dispersibility and the subsequent successful development of seedlings into patches.
Expansion of patches
Eelgrass patches expanded between April and September (Fig. 6) , when leaf growth was maximal, but variability among patches remained high and some patches did not grow at all. During winter most patch margins withdrew, probably because their lateral growth was arrested by low irradiance and physical exposure damaged and removed shoots at the edges. The patches were of greatly variable size but patch radius and radial growth were independent of compass direction, suggesting that physical exposure was not sufficiently oriented from a particular direction to influence patch form and lateral growth. In unidirectional flows in streams patches are often elongated and streamlined in the flow direction to minimize physical exposure and drag (Sand-Jensen & Madsen 1992) and in tidal waters eelgrass patches may develop perpendicular to the flow direction (Fonseca et al. 1983) . Similar deviation from a circular form should be anticipated here if wind and wave exposure had been from a prevailing direction, but we found no such trends.
The eelgrass patches expanded, on average, by 16 cm yr-' with ranges from -26 to 45 cm yr-' (Fig. 6 ). There are no constraints on patch recession because even large patches can disappear during strong storms (Orth & Moore 1983a , den Hartog 1987 , whereas the maximum expansion is limited by the possible horizontal growth of eelgrass rhizomes. The slow lateral growth of eelgrass is similar to that of large seagrass species of Posidonia (0 to 30 cm yr-'; Clarke & Kirkman 1989), which display very slow recolonization rates (60 to 100 yr; Kirkman & Kuo 1990) following largescale disturbance. In contrast, seagrass species with opportunistic growth patterns expand more rapidly by horizontal runners (e.g. Duarte & Sand-Jensen 1990a: 1.6 m yr-' for Cymodocea nodosa; Brouns 1987: ca 8 m yr-' for Syringodium isoetifolium) and can more effectively reach suitable more remote open space and accommodate to physical disturbances such as subaqueous dunes moving several metres yr-' (Marba et al. 1994) . However, annual eelgrass populations, which develop each year from seeds, can also display rapid expansion rates (30 m yr-l), following major improvements of growth conditions (Harrison 1987) . These populations occur in the intertidal zone under highly fluctuating temperature, salinity and occasional emersion (Keddy 81 Patriquin 1978 , Robertson & Mann 1984 and abundance is presumably influenced by the seed set of the preceding year, as most eelgrass seeds remain dormant for less than 1 yr (Harrison 1991 , Moore et al. 1993 .
The annual change in areal cover of the eelgrass populations studied here should depend greatly on the size distribution of patches, their formation and mortality rates in addition to the lateral spread. During the study period, no patches with more than 32 shoots died, and mean lateral growth (16 cm yr-l) was independent of patch size. Annual areal expansion will, therefore, be much faster in situations with many small patches (260 % in 0.1 m2 patches, 65 % in 1 m2 patches) rather than in situations with few large patches (19% in 10 m2 patches). Accordingly, extensive recruitment of new patches via seedlings should greatly increase the rate of eelgrass colonization. Based on the seedling establishment and subsequent survival and growth observed In this study, a 100 m2 area will require 9 yr to reach complete cover. This estimate provides an optimistic potential for the spread of the present meadows, neglecting the influence of fusion of patches and of extensive mortality which may occur under particularly unsuitable periods. However, coverage of a similar 100 m 2 area by rhizome intrusion (16 cm yr-l) from surrounding populations at the edge would require 35 yr. Thus, provided the annual growth from seeds is high, eelgrass colonization may be relatively fast as observed in The Netherlands, where the closure of Lake Grevelingen resulted in an increase in eelgrass area1 cover from 1200 to 4400 ha during a 10 yr period (Verhagen & Nienhuis 1983) .
In conclusion, eelgrass colonization proceeded by a combination of seedling recruitment, patch establishment and subsequent horizontal growth. The lateral growth rate of established patches was slow and, therefore, seed production, seedling establishment and subsequent patch development appear to be crucial to large-scale eelgrass recovery. However, because the surviving seed-producing populations are much reduced and physical disturbance is enhanced by loss of the former widespread protective eelgrass cover in Denmark and many other regions, we predict that eelgrass recovery, if indeed it occurs, will take several decades after nutrient loading has been reduced and water transparency improved.
